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Abstract.  We have used mitogenic lectin (PHA) and a 
monoclonal antibody (OKT3) to stimulate human pe- 
ripheral blood (Go) lymphocytes, in the presence of 
monocytes, and have found two major preferentially 
synthesized proteins, 73 and 95 kD, which are induced 
by the mitogens. The elevated synthesis of both pro- 
teins begins ,x,4-6 h  after mitogen addition (early to 
mid G0/G1) before entry into first S phase.  Maximum 
synthesis of both proteins is reached by 12 h  after 
mitogen addition when P95  synthesis represents  "~4%, 
and P73  '~2%, of the total protein synthesis, com- 
pared with less than 0.5 % for each protein in cells 
cultured without mitogen. Thus, the proteins appear to 
be major components of activated cells. We find that 
both P73  and P95 are induced by heat stress as well 
as mitogenic stimulation. The induction of the proteins 
is not affected by either deleting glucose from the cul- 
ture media or, alternatively, by supplementing it. 
Using polyclonal antibodies prepared to each of the 
proteins isolated from mitogen activated cells and 
monoclonal antibodies that were raised to heat shock 
proteins, we are able to show that P95  is electropho- 
retically and immunologically identical to the HSP 90 
induced by heat stress.  P73  is one of the 70 kD HSPs, 
(termed HSC 70; Pelham, H.  R.  B.  1986. Cell. 46: 
959-961),  but is different from the most strongly heat 
inducible form of HSP 70 (72 kD).  The distribution of 
both proteins in subcellular fractions of mitogen acti- 
vated lymphocytes is similar to the reported localiza- 
tion of the respective HSP's in other cell types. The 
results suggest that HSP 90 and HSC 70 may have 
functional roles in stress response and growth pro- 
cesses of human lymphocytes. 
T 
HE heat-shock proteins, or HSPs,~ are a highly con- 
served group of proteins inducible in all of the many 
species of organisms and cultured cell types that have 
been tested. The rapid onset of transcription and translation 
of  this specific and limited subset of cell proteins is an appar- 
ently universal response to heat shock and other stressful 
conditions and is thought to aid recovery and confer toler- 
ance. (For review,  see reference 24.) 
Two of the major HSPs, or closely related proteins (termed 
"HSP cognates"), with molecular masses of 90 and 70 kD are 
found in normal, unstressed cells where they may play a role 
in growth control mechanisms. Recent reports have demon- 
strated the association of HSP 90 with both PP60  .... (31) 
and with a component of the steroid receptor (5, 38).  Simi- 
larly, members of the HSP 70 family have been reported to 
associate with P53, a nuclear protein expressed in the G0/G~ 
transition (34). 
The relationship between the level of expression of HSP 
70 in (unstressed) proliferating cells vs. their level in quies- 
cent cells is controversial. Wu and Morimoto (51) found in- 
creased expression of an HSP 70 after serum stimulation of 
quiescent fibroblasts.  The level of expression of an HSP 70 
was also found to be increased in tumor derived cell lines 
1.  Abbreviation used in this paper:  HSP, heat-shock proteins. 
(13). On the other hand, Kaczmarek et al. (16) and Iida and 
Yahara (12) have correlated increased expression of an HSP 
70 with cell quiescence, i.e., arrest in Go. While there are 
no systematic studies of HSP 90 expression during the cell 
cycle, HSP 90 expression does change during Drosophila de- 
velopment and yeast sporulation (19). 
Lymphocytes  in the peripheral circulation are, for the most 
part, in a true (naturally occurring) Go state. The biochem- 
istry of activation after in vitro stimulation of these quiescent 
cells  has  been  extensively investigated.  Mitogen  induces 
departure  from Go and transition through G1,  a  26-30-h 
period that is termed the lag phase, before DNA synthesis 
begins (10). Many of the initial stimulatory events at the cell 
surface in terms of mitogen binding and subsequent second- 
ary messenger involvement are fairly well understood (47). 
It is known that during the lag phase, extracellular signals 
such as mitogens, growth factors and interleukins (9, 44) in- 
duce sequential gene expression (15, 35) culminating in DNA 
synthesis and cell division.  The  function and identity of 
many of the gene products appearing in the lag phase are not 
known. However, it is reasonable to propose that proteins in- 
duced by the stimulatory signals in lag phase play an essen- 
tial role in the onset of DNA synthesis and mitosis (8, 11, 21). 
In this paper we present evidence that induction of synthesis 
of two heat-shock proteins, HSP 90 and HSC 70, occurs in 
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phase after activation by mitogen. 
Materials and Methods 
Cell Isolation and Culture 
Human peripheral blood mononuclear cells were obtained by separation of 
whole blood on Ficoll-Hypaque discontinuous density gradients,  yielding 
~90%  lymphocytes  (29).  The cell suspension medium contained RPMI 
1640 (Gibco, Grand Island, NY), supplemented with penicillin, streptomy- 
cin, and L-gtutamine. A Selectamine kit (Gibco) was used to prepare RPMI 
1640 without glucose.  Pooled human serum prepared from 10 male donors 
was used for routine cultures, but FCS was used for the experiments  using 
OKT3. Cells were cultured at 0.5-5 x  106/ml  in culture plates for radioac- 
tive amino acid  labeling.  [3Hlleucine  (Research  Products International, 
Mt. Prospect, IL) at a specific activity of 50 Ci/mmole and at a dose of 100 
~Ci/ml  and  [35S]methionine (Amersham,  Arlington  Heights,  Il.)  at  a 
specific activity of 344 mCi/mmole and a dose of 40 ~tCi/ml were used to 
metabolically  label cellular proteins when cells were pulse labeled for 6 h 
(also used in the 4-h experiments).  For longer label periods the dose was 
proportionally  reduced to maintain a similar level of radioactive incorpora- 
tion (label times are indicated  in each figure legend). 
SubceUular Fractionation 
After culture the flasks were cooled to 4~  and scraped with a rubber police- 
man to remove the cells. The ceils were centrifuged, washed twice in cold 
media, and iysed  in a  low concentration detergent  solution (0.1% Triton 
X-100, 150 mM KCI, 8 mM MgCl, 20 mM Tris 2 mM PMSE pH 7.5) at 
a ratio of 100 ~tl/20 ￿  t0  ~ cells.  Insoluble (predominantly nuclear) com- 
ponents were rapidly  separated  from the 0.1% detergent  soluble ("cyto- 
plasmic  ") material  in a microcentrifuge.  The insoluble nuclear pellet was 
washed once (150 mM NaCI,  10 mM MgCl:, 20 mM Tris, 2 mM PMSE 
pH 7.5) to remove components soluble at low salt concentration (nuclear 
wash), resuspended in DNase buffer (100 mM NaCH3COO-, 5 mM MgSO4, 
20 mM Tris 2 mM PMSE pH 6.0) and treated with 100 I.tg/ml DNase I (pro- 
tease free, Cooper Biomedical,  Malvern, PA) to disperse the material.  The 
procedure yields three fractions, based on solubility, termed the cytoplasmic 
fraction,  the nuclear wash fraction,  and the nuclear fraction.  The method 
allows rapid, conservative isolation of all cell proteins while producing rela- 
tively pure nuclei as determined by phase contrast microscopy and the pres- 
ence of relatively low amounts of intermediate filament material when ana- 
lyzed on SDS gels. Residual nuclear matrix ~ts prepared by a modification 
of the  method of Berezney  and  Coffey (3).  Nuclei  were  briefly  (3  s) 
microcentrifuged  to concentrate them, then resuspended and extracted with 
2.0 M NaCI,  1% Triton X-100, 100 mM "Iris, 1 mM PMSF, pH 7.4 for t h 
on ice. The residue was washed, then suspended  (using sonication if neces- 
sary) in DNase buffer and treated with DNase I (200 ~tg/ml) and RNase 
(100 ~tg/ml) for 1 h. The extracted "matrix', or high salt/detergent  insoluble 
fraction,  was then dissolved  in SDS-PAGE  sample buffer. 
Electrophoresis and Protein Blotting 
Proteins  of the  subcellular fractions  were  separated  by  the  method  of 
Laemmli  (20).  For  two-dimensional  electrophoresis,  by  the method of 
O'Farrell (28), the cells were removed from culture plates and washed as 
above,  then lysed  in 2-D  lysis  buffer at  100 I.tl/20  x  106 cells.  Protein 
transfer to nitrocellulose  was done with a l-h blot in a plate electrode blotter 
(Idea Scientific,  Corvallis, OR).  After reaction with the rabbit antiserum 
(Fig. 4) or with the mouse monoclonal AC88 (Fig. 5) the blots were devel- 
oped with appropriate Vectastain ABC kits (Vector Laboratories,  Burlin- 
game, CA). The blots reacted with rat monoclonal antibody 7.1 (Fig. 6) were 
developed  in Dr.  S.  Lindquist's  laboratory with a horseradish peroxidase 
conjugated  secondary antibody.  Optical  density  scans of the  1-D fluoro- 
grams were obtained using a Kratos Spectrodensitometer  Model SD 3000 
(Schoeffel  Inst.)  and  an  HP  3390  A  integrator  (Hewlin  Packard,  Palo 
Alto, CA). 
Antiserum Production 
To produce antisera, cytoplasmic  samples of cells cultured with PHA were 
applied to 8-14% gradient SDS-PAGE gels (30 cm gel). The gels were not 
stained, but treated with Enlightening (NEN, Boston, MA), then dried on 
cellophane,  and exposed  for fluorography  to locate the bands at 73 and 
95 kD. The bands were excised, rehydrated,  and finely ground in a Dounce 
homogenizer,  then eluted  by diffusion  into SDS-gl~:cine buffer until few 
counts remained in the gel residue. The protein was concentrated  in Centri- 
con  filters  (30-kD  cutoff;  Amicon,  Danvers,  MA)  and  the  procedure 
repeated until roughly 100-ttg protein was available for injection into rabbits 
(New  Zealand White). The initial injection was prepared with complete 
Freund's adjuvant.  After 8 wk a boost with •50  tlg protein, in incomplete 
Freund's  adjuvant,  was injected.  The rabbits were first bled 4 wk after the 
boost. 40-ml ear bleeds were routinely  done until antibody titers dropped 
noticeably. 
Results 
Preferential Synthesis of  P73 and P95 by PHA 
Fig. 1 demonstrates the preferential induction of two major 
synthesized proteins, with Mr of 73 (P73) and 95 kD (P95) 
in the 0.1% Triton X-100 soluble "cytoplasmic" fractions of 
cells cultured with 1 I.tg/ml  PHA and 10 % pooled human se- 
rum.  In  our  hands  this  serum  concentration and 0.5-1.0 
Ixg/ml of PHA result in maximal rate of entry into the first 
S phase with an average lag period of 26 h (10). As shown 
in the figure, induction of P73 and P95 is evident by 6 h and 
peaks at 12-18 h. For comparison, cytoplasmic fractions of 
cells incubated for 18 h with the mitogenic monoclonal anti- 
body, OKT3 (anti-CD3) are also shown in Fig. 1. There are 
other proteins that are induced by the mitogens, among them 
a 66- and a 55-kD protein described by Hall et al. (11) and 
bands at 60,  51, and 39 kD.  These proteins have not been 
identified but their kinetics of induction by PHA and OKT3, 
Figure I.  Cytoplasmic proteins (See Materials and Methods) syn- 
thesized in PHA-stimulated cells at various times in the lag phase, 
shown together with cells cultured in the presence of a mitogenic 
antibody.  Cells were  cultured and labeled with both [3H]leucine 
and [35S]methionine, for 0-6 h  (A) and 0-24 h  (E)  in pooled hu- 
man serum without PHA and labeled 0-6 h  (B), 6-12 h  (C),  12- 
18 h (D), 0-24 h (F) after addition of PHA and serum. Also shown 
are cells cultured for 18 h (continuous label) in the presence of 0.1 
lag/ml OKT3 (anti-CD3), lane H, adjacent to cells cultured for 18 h 
in FCS alone, lane G. The fluorograms of 8-14% gradient gels are 
shown. The positions of molecular weight standards are indicated 
at the left side of the figure with their molecular weights. 
The Journal of Cell Biology, Volume 106, 1988  884 Figure 2. Labeled proteins of four subcellular fractions of lympho- 
cytes after 12 h of culture. Cells were cultured in PHA (0.75 ~tg/ml) 
plus 10% pooled human serum (lanes A, C, E, and G) or in pooled 
human  serum  alone  (lanes B,  D,  F,  and  H).  As  described  in 
Materials and Methods, the fractionation procedure yielded solu- 
bility fractions termed the cytoplasmic fraction, (A and B); the re- 
sidual nuclear matrix, (C and D); the (whole) nuclear fraction, (E 
and F); and the nuclear wash fraction, (G and H). The proteins 
from the subcellular fractions were separated by SDS-PAGE on an 
8-14% gradient gel, and the fluorogram is shown. Label was pres- 
ent from the start of  the culture and an amount of  protein containing 
equivalent cpm was added to both the serum and PHA lanes of a 
given fraction. The bars indicate 205, 116,  97, 66, and 45 kD molec- 
ular mass standards. 
and 2-D gel analysis are the subject of ongoing investigation 
(Haire, R. N., and J. J. O'Leary. Manuscript submitted for 
publication). 
Fig. 2 shows the preferential induction of synthesis of P73 
and P95 within subcellular fractions at 12 h of culture. Syn- 
thesized P73 is present in all fractions, including a weakly 
labeled band visible in the residual nuclear matrix fraction. 
Synthesized P95 is visible only in the detergent soluble "cy- 
toplasmic" fraction and  low salt  soluble nuclear fraction, 
consistent with a cytoplasmic location. 
In Fig. 3, the level of induction of synthesized proteins by 
PHA was  estimated by densitometry. Cells were pulse la- 
beled for 4 h in late lag phase (16-20 h after PHA) and the 
lanes of a lightly exposed 1-D gel fluorogram were scanned 
to determine the relative level of radiolabel incorporation 
into cytoplasmic fractions. The fraction of label incorporated 
into the band at 95 kD, expressed as percent total integrated 
area increases from 1.3% in serum to 11.2% in the PHA lane 
and the area of  the 73-kD band increases from 1.4% to 5.5%. 
Because the cytoplasmic fraction contains "~60 % of  total cel- 
lular incorporation and some bands at one end of  the gel were 
omitted from the scan, we estimate that at maximal stimula- 
tion the P95 synthesis comprises up to 6% of total cell label 
incorporation, compared with ,'-,0.6  % in unstimulated cells. 
Similarly, synthesis of P73 is enhanced from 0.6 % in resting 
cells to almost 3 % of total label incorporation in activated 
cells. When cells are cultured with varying PHA concentra- 
tions, the level of P73  and P95 synthesis, at  12-18 h,  rises 
with PHA dose (data not shown) and reaches a maximum at 
0.5 to 1 p.g/ml PHA. The rate of entry of lymphocytes into 
first S phase, as previously shown by Hall et al. (11), shows 
a similar PHA dose response. 
Serum is not Required  for PHA Induction of 
P73 and P95 Synthesis 
Growth factors in serum are required for the proliferative re- 
sponse of lymphocytes activated by PHA (39). Lymphocytes 
stimulated in media without serum will not proliferate and 
have a low overall rate of protein synthesis. If an appropriate 
amount of  albumin is substituted for serum, cell motility, and 
protein synthesis are enhanced (our unpublished observa- 
tions), but the cells are only marginally stimulated to pro- 
liferate by PHA, as measured by the thymidine uptake assay 
(29). As shown in Fig. 4, the PHA induction of synthesis of 
P73 and P95 in serum-free or albumin-supplemented medi- 
um is similar to that occurring in the presence of serum. The 
basal level of the proteins in the lanes cultured without PHA 
is similar, but this fact is partially obscured by the failure to 
apply equal counts to all lanes, especially, lane E. Thus, in- 
duction of the proteins is apparently largely independent of 
the serum factors required for optimal lymphocyte prolifer- 
ation. 
P73 and P95 are Mammalian Heat-Shock Proteins 
Human mononuclear cells, exposed to heat shock, then al- 
lowed to recover at 37~  show reduced overall protein syn- 
thesis but enhanced synthesis of a small number of specific 
proteins,  Fig.  5.  Labeled proteins  from heat-shocked and 
PHA-activated cells were run on an SDS gel, and transferred 
to nitrocellulose. After autoradiography (right side of Fig. 5) 
the blot was incubated with a mixture of  the polyclonal rabbit 
antisera raised to the 95- and 73-kD bands isolated from gels 
of PHA activated cells (left side of Fig. 5). The major synthe- 
sized band at '~95 kD induced by heat stress in the cytoplas- 
mic fraction in the autoradiogram aligns with the band iden- 
tified as 1"95 in the PHA-activated cells. As shown in the blot, 
the anti-P95  antiserum  in  the mixture reacts with corre- 
sponding bands and P95 cannot be detected in the nuclei of 
the heat-shocked cells. 
In both the nuclear and cytoplasmic fractions of the heat- 
shocked cells in Fig, 5, two bands are preferentially induced 
in the 70-kD region. The major heat-shock-inducible band 
at 72 kD is not induced by PHA activation, but shows some 
cross-reactivity with the anti-P73 antiserum in the blot. A 
less heavily synthesized band in the heat-shocked cells corre- 
sponds to the position of P73 in the fluorogram of PHA acti- 
vated cells and appears to be the same band recognized by 
the anti-P73 antiserum in both cases. This band is enhanced 
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level of synthesis of P73 and P95 in resting 
and stimulated cells. Cytoplasmic fractions 
of  cells cultured for 20 h were pulse labeled 
the last 4 h of culture and run on a 10-16% 
gradient  gel.  A lightly  exposed autoradio- 
gram was made and  scanned with  a spec- 
trodensitometer  to determine  the fractional 
level  of incorporation  in the  bands.  The 
densitometer  tracings  are shown on the left 
with the peaks  aligned  with the respective 
fluorogram  bands.  The  right  tracing  and 
right gel lane are PHA cultured  cells.  The 
bars  indicate  205,  116, 97,  66,  and 45 kD 
molecular mass standards. 
in the heat-shock cells,  relative to synthesis of other (non- 
heat-shock)  proteins.  Heat  shock at lower temperature  re- 
sults in stronger induction of the 73 and 95-kD bands (see 
Fig. 6). Both P73 and P95 are detectable, by antibody reac- 
tivity, in unstimulated cells cultured in serum for 2 and 18 h. 
Development of similar blots with only one of the two poly- 
clonals  (not shown)  shows no cross-reactivity between the 
bands at 73 and 95  kD. 
Fig. 6 shows the induction of synthesis of proteins, by both 
heat shock (42~  for 90 min) and PHA, examined by 2-D 
electrophoresis.  The 73-kD spot induced by PHA and heat 
shock is labeled "1" and the main heat induced form (72 kD) 
is labeled "2" in 6A.  The pI of P73  is '~5.6 and the 72-kD 
protein is slightly more basic.  As indicated by the large ar- 
rows in Fig. 6, A-D, both spots are induced by heat-shock, 
but only spot 1 is induced by PHA. In panels B and D  P95 
appears as a  streak,  indicated by the brackets,  inducible by 
both heat-shock and PHA. 
A blot of the gels from Fig. 6, B and D with the monoclo- 
nal antibody, 7.1,  is shown in the lower part of Fig. 6. This 
antibody was raised to HSP 70 from Drosophila and reacts 
with most members of the HSP 70 family in other eukaryotic 
cells (19). Both spot 1 (P73) and spot 2 (the major heat induc- 
ible 70-kD protein) show positive reactivity. The polyclonal 
rabbit antiserum  raised to PHA induced P73  shows a  very 
similar pattern on 2-D blots, but reacts with two small spots 
of 72 kD seen on protein blots but not detectably synthesized 
on the fluorograms. 
Figure 4.  Dependence of P73 and P95  induction on the presence 
of PHA. Shown are the labeled  proteins  (continuous  label) of the 
cytoplasmic  fractions  from cells cultured  for 18 h in media alone, 
(A and B); in human serum albumin (5 mg/ml), (Cand D); and in 
serum, (E and F). Lanes A, C, and E have no PHA, while lanes 
B, D,  and F  have  1 mg/ml  PHA.  Only the cells  in lane F  will 
proliferate.  A fluorogram  of an 8-14% gradient gel is shown.  The 
bars indicate 205, 116, 97, 66, and 45 kD molecular mass standards. 
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in heat shocked and PHA stimulated  cells by antibodies  to 95 and 
73 kD proteins  purified  from PHA activated  cells.  The Western 
blot, left side, and an autoradiogram made from the blot, right side, 
are presented as mirror images.  The Western blot was developed 
with a 1:1 mixture of P95 and P73 antisera.  Lane A shows the nu- 
clear fraction of heat-shocked  cells cultured for 2 h (at 37~  after 
heat shock for 10 min at 45~  The cytoplasmic proteins  synthe- 
sized by the heat-shocked  cells (D) and the control (E) are com- 
pared with the labeled proteins of cytoplasmic samples of cells cul- 
tured with PHA (B) and in serum (C) for 18 h. The arrows indicate 
P95 and P73 positions.  The major synthesized band in lanes A and 
D just below  P73 is presumed HSP 70 (72 kD).  The fluorogram 
lanes  D and E were light and a second exposure,  made from the 
blot, has been superimposed to augment the image. 
In Fig.  7,  the  monoclonal antibody AC  88  was  used  to 
probe a blot ofa 2D gel from PHA-activated cells. This anti- 
body was prepared to a fungal protein and is known to react 
with mammalian HSP 90 (37).  P95 appears a discrete spot 
in this gel and is the only spot reactive with AC88. In some 
2-D gels P95/HSP 90 is resolved into a doublet in the SDS 
dimension gels. Such doublet spots have identical isoelectric 
points and both spots are induced by mitogen and heat shock. 
The pI of P95, estimated from pH measurement of the gels, 
is ~5.1-5.2, in good agreement with the PI reported for HSP 
90 by Welch and Feramisco (48).  The polyclonal rabbit an- 
tiserum  prepared  to  P95  reacts  with  the  synthesized  spot 
identified as HSP 90 and with a non-synthesized 94-kD pro- 
tein abundant in platelets,  which contaminate the mononu- 
clear cell preparations. The nonsynthesized antigen is absent 
from Molt 4 transformed T  cells, cultured non-transformed 
fibroblasts (ATCC CCL 210) and epithelial carcinoma cells 
(ATCC CRL 1555), all of which contain 95-, 72-, and 73-kD 
bands  recognized  by  the  polyclonal  antiserum  (data  not 
shown). 
As shown in Fig. 8, the induction of P95 and P73 by PHA 
is independent of initial  cell concentration and not affected 
by the glucose concentration of the culture media. In Fig. 8, 
the induction of P73 and P95 by PHA and general pattern 
of protein synthesis in mononuclear cells cultured for 15 h 
in  glucose  free  medium,  and  conversely  in  medium  sup- 
plemented with glucose, or at initial  cell concentrations of 
0.5  x  106 and  3.0  ￿  106 cells/ml  are all  nearly  identical. 
Thus,  it seems unlikely that induction of P73 and P95 is a 
Figure 6.  2-D electrophoresis of 
the 95- and 73-kD protein(s)  in- 
duced by PHA and heat shock. In 
the upper panels the induction of 
synthesis  is shown by the fluoro- 
grams.  (A) 2-h culture,  no heat 
shock vs.; (B) cells heat shocked 
at 42~  for 90 min; (C) Cells cul- 
tured 18 h in serum and (D) in se- 
rum with PHA. The two large ar- 
rows  throughout the  fluorogram 
panels indicate the positions of  the 
major heat-induced  73-  (spot  1) 
and 72- (spot 2) kD proteins.  P95 
(HSP 90) appears in these gels as 
the streak seen in panels B and D 
indicated by the double brackets, 
all of which reacts with the poly- 
clonal  anti-P95  (antibody  reac- 
tion not shown). The small arrow 
in panel  C  indicates  spot 3,  in- 
duced in cells cultured (in media 
or serum) for 18 h, but not at 2 h, 
and  uninfluenced  by PHA.  The 
lower panels  show the reactivity 
with the monoclonal antibody 7.1 
in  similar  gels  of heat  shocked 
(lefO  and  PHA stimulated  cells 
(right). The two-dimensional elec- 
trophoresis  was  done  by  the 
O'Farrell method, presented  with 
the acid end to the left.  Only a 
portion of the gel (60-100 kD) is 
shown in the figure. 
Haire et al. Mitogen-lnduced Heat-Shock Proteins in Lymphoeytes  887 Figure  7. Reaction of P95 in PHA- 
activated ceils with the monocional 
antibody AC 88 which is specific 
for  HSP  90.  The  upper  panel 
shows  the  autoradiogram  pre- 
pared  from the 2-D protein blot 
shown in the lower panel.  Cells 
were cultured for 18 h. The por- 
tion of the gel shown is similar to 
that in Fig. 5. The position of P95 
is indicated on both panels. 
stress  response due  to  nutrient  deprivation  and  enhanced 
metabolic activity of the activated cells. 
Discussion 
The results show that two major synthesized proteins, prefer- 
entially enhanced in mid to late lag phase in mitogen stimu- 
lated human lymphocytes, are HSP 90 (P95) and an HSP 70 
family member (P73).  The evidence for this conclusion is 
based primarily on the observed induction of electrophoreti- 
cally and  immunologically identical proteins by both heat 
stress and mitogen activation. Both P95 and P73 are induced 
by heat shock, and the labeled bands in heat-shocked cells 
cross-react with polyclonal antibodies raised to P73 and P95 
from PHA-activated cells (Fig. 5). The pI of P73 in 2-D gels 
is consistent with the pI of members of the HSP70 family (33) 
and the pl estimated for P95 is in good agreement with the 
pl for HSP 90 reported by Welch and Feramisco (48).  Per- 
haps the most convincing evidence is the reaction of P73 and 
P95 with the monoclonal antibodies (Figs. 6 and 7). P73 is 
recognized  by the  monoclonal  antibody  7.1, which  reacts 
with both the  cognate "HSC 70" and  major heat-induced 
"HSP 70" (after the designation of Pelham, 33) forms of the 
eukaryote  HSP  70  family,  which  are  usually  reported  as 
bands of 72 and 73 kD in human cells (23). P95 is recognized 
by the antibody AC 88 which cross-reacts with eukaryote 
HSP 90 (37). 
In addition, the subfractionation solubility behavior (Fig. 
2) of the PHA-induced proteins in lymphocytes is in agree- 
ment with that of the respective HSPs in other cell types. 
Mitogen-induced P95  is a detergent soluble, "cytoplasmic'" 
protein, as is HSP 90 (24). P73 is found in cytoplasmic and 
nuclear fractions and a portion of it is resistant to high salt 
and detergent extraction (residual matrix associated).  HSP 
70 family members have been shown to exhibit similar be- 
havior  (22),  though  the  nuclear  proportion  markedly  in- 
creases following heat shock (42, 49). 
rtgure  o.  ~lmu,,,~,,,,  ,,,  ~:,oe,,,o,,l,~,  r  to ano r~3 is Iltdl  ~lllCk:[e(l I)y 
glucose  and  cell  concentration.  Lymphocytes were cultured  for 
15 h,  and  pulse  labeled  for  11-15 h,  at either  3  ￿  106 cells/ml 
(lanes A-F)  or 0.5  x  106 cells/ml  (lanes G and H). The cells in 
A, B, G, and F were cultured in standard RPMI 1640, containing 
11 mM glucose. In lanes C and D the medium was supplemented 
at initiation of culture with an additional 11 mM glucose and again 
at 6 h with  11 mM glucose. In lanes E and F cells were cultured 
in glucose free RPMI 1640. Lanes B, D, F, and H were stimulated 
with 1 I.tg/ml  PHA. A portion of  the fluorogram from an 8-14% gra- 
dient gel is shown. 
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composed of  multiple forms of  closely related proteins, some 
of which are stress induced while others are present in un- 
stressed cells. As shown in Figs. 5 and 6, P73 is synthesized 
in unstressed and unstimulated human lymphocytes, and al- 
though not shown in the figures, corresponds to a Coomassie 
Blue-stained band in 1-D gels. One of the two major forms 
of the HSP 70 family is abundant in unstressed cells with 
Mr 73 kD, (HSC 70) slightly higher than the strictly heat- 
inducible  form (72  kD,  HSP 70;  reference 49).  Clathrin 
uncoating ATPase was shown to be an HSP 70 cognate in 
mammalian cells (7, 40). Watowich and Morimoto (46) have 
recently described a constitutively expressed HSP 70-related 
protein from HeLa cells having identical electrophoretic mo- 
bility on 2-D gets.  PHA-induced P73  has a  slightly more 
acidic pI and higher Mr than the major heat-induced form. 
Thus, it appears that P73 is identical to the protein designated 
"P72" by Watowich and Morimoto and is probably HSC 70 
using the functional designation of Pelham. 
Although stress proteins can be induced by many factors, 
including experimental manipulations (43), we show the in- 
duction of HSP 90 and HSC 70 appears to be unrelated to 
metabolic stress per se, in mitogen activated cells. When the 
cell concentration is varied over a wide range, and glucose 
is either deleted from or supplemented to the culture media, 
we observe no influence on the level of induction of either 
protein (Fig. 8).  The preferential induction of both proteins 
in stimulated cells is a PHA or OKT3 specific event. Further, 
while PHA binds to many glycolipids and glycoproteins in- 
cluding the T  cell antigen receptor (17), OKT3,  which in- 
duces both proteins, binds specifically to the T cell antigen 
receptor complex. OKT3 has a narrower range of metabolic 
effects than PHA (45), and its use as a mitogen reduces the 
possibility that a  stress might be caused by PHA binding. 
The induction of HSC 70 and HSP 90 by OKT3 also strongly 
implicates T lymphocytes as the likely source of these pro- 
teins.  Experiments  using  the  fluorescence activated  cell 
sorter to isolate pure T lymphocytes, based on recognition 
by OKT3 have confirmed this conclusion (Haire, R. N., and 
J. J. O'Leary. Manuscript submitted for publication). 
The results presented here and elsewhere indicate there 
may be a shared requirement for the functional capabilities 
of HSC 70 and HSP 90 in both heat shock and mitogen stimu- 
lation. Both HSP 90 and HSP 70 related proteins appear to 
be involved in organization of cellular components. The in- 
duction  of HSC  70  in  mitogen  stimulated  lymphocytes, 
known to be a clathrin uncoating ATPase  (40), may reflect 
in part, an increase in receptor mediated endocytosis activ- 
ity. However, HSC 70 is a major cell component distributed 
in both the cytoplasm and nucleus, and it is doubtful that this 
is its only role. HSP 70 and HSC 70 are ATP-binding proteins 
and it has been proposed that HSP 70 binds to exposed hydro- 
phobic regions of heat denatured proteins, preventing aggre- 
gate formation and possibly contributing to protein renatura- 
tion (23).  HSP 90 is found associated with a  number of 
cellular proteins (33) and has recently been shown to be an 
actin binding protein (18). 
Evidence  that  these  functional properties  of HSP  70- 
related proteins and HSP 90 are important in cell growth has 
been accumulating for some time. Cellular translocation of 
the src oncogene kinase, PP60, from cytoplasm to membrane 
and dissociation from HSP 90 are co-incident (4). Similarly, 
translocation of the steroid receptor coincides with its dis- 
sociation from HSP 90 (5, 38).  Dissociation from HSP 90 
is possibly linked to activation of the ligands and HSP 90 
might serve as a shuttle protein that regulates the activity of 
its ligands (38). 
The co-precipitation of both major forms of HSP 70 of 68 
and 70 kD in rodents (HSP 70 and HSC 70) with the tumor 
antigen P53 in a transformed rat embryo fibroblast cell line 
(34) may be evidence of a shuttle/regulatory function. HSP 
70 is specifically induced by the adenovirus transformation 
associated gene E1A (27) and induction of HSP 70 occurs in 
transformed cells (13). HSP 70 family regulation during early 
stages of mouse embryo development (2) and the transcrip- 
tion of HSP 84 (the 90 equivalent) and HSP 70 cognates dur- 
ing Drosophila oogenesis (19) further supports the possible 
association of growth and heat-shock protein function. 
In contrast to our findings, two recent reports indicate that 
forms of the mammalian HSPs are preferentially synthesized 
in the quiescent Go phase of the cell cycle. Kaczmarek et al. 
(16) used a probe for an undefined hsp70 mRNA species in 
human lymphocytes, and found reduced expression in cul- 
tured cells relative to freshly isolated cells. Iida and Yahara 
(12) compared mouse spleen lymphocytes, cultured with Con 
A for several days, with freshly isolated cells. They identified 
proteins in the lymphocytes, electrophoretically related to 
the HSPs of yeast, and conclude that synthesis of HSP 70 
forms are  elevated in  quiescent Go  cells  compared  with 
48 h after mitogen. The authors point out, however, that heat 
did not induce expression of the protein spots and they may 
have observed members of the HSP family other than HSC 
70 (P73). It is likely that the different forms of HSP 70 have 
different functions and that the genes may be differentially 
regulated by growth factors, as well as stress (1, 14). Our ob- 
servations are based on cells in the first 24 h of stimulation, 
before entry into first S phase, while Iida and Yahara deal 
with cells at a considerably later stage of culture. It is possi- 
ble that induction of a given member of the HSP 70 family 
following mitogen stimulation may be accompanied by sup- 
pression of another. 
In this paper we have presented evidence that HSP 90 and 
an HSP 70 family member (HSC 70) are induced in lympho- 
cytes by heat stress and are components of the mechanism 
of growth activation in mitogen stimulated normal human 
lymphocytes. Both proteins are preferentially synthesized in 
mid G~ phase, the portion of the cell cycle responsible for 
the variability in cell cycle duration and growth rate (32) and 
account for a significant proportion of the protein synthesis 
(at 20 h into lag phase) in mitogen-activated cells. Our results 
support the conclusion that an HSP 70 cognate, P73, identi- 
cal to the P72 identified in HeLa cells (46) and the clathrin 
uncoating ATPase of unstressed human cells (40), is prefer- 
entially induced during the transition from quiescence to 
growth in lymphocytes. To our knowledge, induction of HSP 
90 synthesis has not been previously reported during the 
transition from quiescence to growth in other cell types. The 
level of synthesis of both proteins is responsive to mitogen 
concentration and is maximal under conditions that are op- 
timal for rapid entry of cells into S phase of the cell cycle. 
The proteins are induced by the mitogenic signal per se, ap- 
parently independent of other serum signals. This evidence 
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volved in the growth processes of normal human lympho- 
cytes. 
We thank Dr. Susan Lindquist, for developing the blots with the monoclonal 
antibody 7.1, and Dr. David Toil, for providing monoclonal antibody AC 
88. We thank Dr. Peter Bitterman and Dr. David Hall for their suggestions 
concerning the preparation of this manuscript. 
This work was supported by National  Institutes of Health grants CA 
39692 and AG 02338 to James J. O'Leary. This manuscript is part of a doc- 
toral thesis by Robert N. Haire to fulfill the requirements of the Graduate 
School of the University of Minnesota. 
Received for publication 1 September 1987, and in revised form 9 November 
1987. 
References 
1. Atkinson, B. G., R. L. Dean, and T. W. Blaker.  1986. Heat shock induced 
changes in the gene expression of terminally differentiating  avian red 
blood cells. Can. J.  Genet.  Cytol. 28:1053-1063. 
2. Bensaude, O., C. Babinet, M. Morange, and F. Jacob.  1983.  Heat shock 
proteins, first major products of zygotic gene activity in mouse embryo. 
Nature  (Lond.). 305:331-333. 
3. Berezney, R., and D. S. Coffey.  1977. Nuclear Matrix: Isolation and char- 
acterization  of a framework structure from rat liver nuclei. J.  Cell Biol. 
73:616-637. 
4. Brugge, J., E. Erikson, and R. L. Erikson. 1981. The specific interaction 
of the Rous sarcoma virus transforming protein, pp60src with two cellu- 
lar proteins. Cell. 25:363-372. 
5. Catelli, M. G., N. Binart, I. Jung-Testas,  J. M. Renoir, E. E. Baulieu, J. R. 
Feramisco, and W. J. Welsh. 1985. The common 90-kd protein compo- 
nent of non-transformed '8S' steroid receptors is a heat-shock protein. 
EMBO (Eur. Mol. Biol. Organ.) J. 4:3131-3135. 
6. Chang, T.-W., D. Testa, P. C. Kung, L. Perry, H. J.  Dreskin, and G. 
Goldstein. 1982. Cellular origin and interactions involved in "t-interferon 
production induced by OKT3 monoclonal antibody. J.  lmmunol.  128: 
585-589. 
7. Chappell, T. G., W. J. Welch, D. M. Schiossman, K. B. Palter, M. J. 
Schlesinger, and J. E. Rothman. 1986. Uncoating ATPase is a member 
of the 70 kiiodalton  family of stress proteins.  Cell. 45:3-13. 
8. Degen, J. L., M. G. Neubauer, S. J. Friezer Degen, C. E. Seyfried, and 
D. R. Morris. 1983. Regulation of protein synthesis  in mitogen-activated 
bovine lymphocytes. J.  Biol. Chem. 258:12153-12162. 
9. Farrar,  W. L., J.  L. Cleveland, S. K. Beckner, E.  Bonvini, and S. W. 
Evans. 1986. Biochemical and molecular events associated with Interleu- 
kin 2 regulation of lymphocyte proliferation, lmmun.  Rev.  92:49-65. 
10. Hall, D. J., J. J. O'Leary, T. T. Sand, and A. Rosenberg. 1981. Commit- 
ment and proliferation kinetics of human lymphocytes stimulated in vitro 
effects of r  addition and suboptimal dose on concanavalin A re- 
sponse. J.  Cell. PhysioL 108:25-34. 
11. Hall, D. J., J. J. O'Leary, and A. Rosenberg.  1984.  Early synthesis of 
specific cytoplasmic proteins is correlated with the rate of exit of lympho- 
cytes from the resting state. J.  Cell BioL 99:1814-1821. 
12. lida, H., and I. Yahara. 1984. Durable synthesis of high molecular weight 
heat shock proteins in Go cells of the yeast and other eucaryotes. J.  Cell 
Biol. 99:199-207. 
13. Imperiale, M., H. T. Kao, L. T. Feldman, J. R. Nevins, and S. Strickland. 
1984.  Common control of the heat shock gene and early adenovirus 
genes: evidence for a cellular ElA-like activity. Mol. Cell. Biol. 4:867- 
874. 
14. Ingolia,  T.  D.,  M.  R.  Slater,  and E.  A.  Craig.  1982.  Saccharomyces 
cerevisiae contains a complex multigene family related to the major heat 
shock-inducible gene of Drosophila.  Mol. Cell. Biol. 2:1388-1398. 
15. Kaczmarek, L., B. Calabretta, and R. Baserga. 1985. Expression of cell- 
cycle dependent genes in phytohemagglutinin-stimulated  human lympho- 
cytes. Proc. Natl. Acad.  Sci. 82:5375-5379. 
16. Kaczmarek, L., B. Calabretta, H.-T. Kao, N. Heintz, J. Nevins, and R. 
Baserga. 1987. Control of hsp70 RNA levels in human lymphocytes. J. 
Cell Biol. 104:183-187. 
17. Kanellopoulos, J. M., S. De Petris, G. Leca, and M. J. Crumpton. 1985. 
The mitogenic lectin from Phaseolus vulgaris does not recognize the T3 
antigen of human T lymphocytes. Eur. J.  Immunol.  15:479-486. 
18. Koyasu, S., E. Nishida, T. Kadowaki, F. Matsuzaki, K. Iida,  F. Harada, 
M. Kasuga, H. Sakai, and I. Yahara. 1986. Two mammalian  heat shock 
proteins, HSP90 and HSP100, are actin-binding proteins. Proc. Natl. 
Acad.  Sci. USA. 83:8054-8058. 
19. Kurtz, S., J. Rossi, L. Petko, and S. Lindquist. 1986. An ancient develop- 
mental induction: Heat-shock  proteins induced in spornlation and oogene- 
sis. Science  (Wash. DC).  231:1154-1157. 
20. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly 
of the head of bacteriophage T4. Nature  (Lond.). 277:680-685. 
21. Lester, E.  P.,  P. Lemkin, L. Lipkin, and H.  L. Cooper.  1981.  A two- 
dimensional electrophoretic analysis of protein synthesis in resting and 
growing lymphocytes in vitro. J. lmmunol.  126:1428-1434. 
22. Levinger, L., and A. Varahavsky. 1981. Heat-shock proteins of Drosophila 
are associated with nuclease-resistant, high-salt-resistant nuclear struc- 
tures. J.  Cell Biol. 90:793-796. 
23. Lewis, M. J., and H. R. B. Pelham. 1985. Involvement of ATP in the nu- 
clear and nucleolar functions oftbe 70kd heat shock protein. EMBO (Eur. 
Mol. Biol. Organ.) J. 4:3137-3143. 
24. Lindquist, S.  1986.  The heat shock response. Annu. Rev. Biochem.  55: 
1151-1191. 
25. Lowe, D. G., and L. A. Moran. 1984. Proteins related to the mouse L-cell 
major heat shock protein are synthesized  in the absence of heat shock gene 
expression. Proc.  Natl. Acad. Sci. USA. 81:2317-2321. 
26. Maizel, A. L., S. R. Mehta, S. Hanft, D. Franzini, L. D. Lachman, and 
R. J. Ford. 1981. Human T lymphocyte/monocyte  interaction  in response 
to lectin: Kinetics of entry into the S phase. J. lmmanol.  127:1058-1063. 
27. Nevins, J. R.  1982.  Induction of the synthesis of a 70,000 dalton mam- 
malian heat shock protein by the adenovirus E1A gene product.  Cell. 
29:913-919. 
28. O'Farrell, P. H. 1975. High resolution two-dimensional electrophoresis of 
proteins. J.  Biol. Chem. 250:4007-4021. 
29. O'Leary, J. J., L. R. Hanrahan, C. Mehta, and A. Rosenberg. 1980.  Ki- 
netics of human lymphocyte responses in vitro:  determination of clone 
size and  initial  rate  of entry into  DNA synthesis. Cell Tissue Kinet. 
13:41-51. 
30. O'Malley, K. O., A. Manron, J. D. Barchas, and L. Kedes. 1985. Constitu- 
tively expressed rat mRNA encoding a 70-kilodalton  heat-shock-like pro- 
tein. Mol. Cell. Biol. 5:3476-3483. 
31. Oppermann, H., W. Levinson, and J. M. Bishop. 1981. A cellular protein 
that associates with the transforming  protein of Rous sarcoma  virus is also 
a heat shock protein. Proc. Natl. Acad. Sci. USA. 78:1067-1071. 
32. Pardee, A. B., R. Dubrow, J. L. Hamlin, and R. F. Kletzien.  1978. Animal 
cell cycle. Annu. Rev. Biochem.  47:715-750. 
33. Pelham, H. R. B. 1986. Speculation on the function of the major heat shock 
and glucose regulated proteins. Cell. 46:959-961. 
34. Pinhasi-Kimhi, O.,  D.  Michaiovitz, A. Ben-Zeev, and M.  Oren.  1986. 
Specific interaction between the p53 cellular tumour antigen and major 
heat shock proteins. Nature  (Lond.). 320:182-185. 
35. Reed, J. C., J. D. Alpers, P. C. Nowell, and R. G. Hoover. 1986. Sequen- 
tial expression of protooncogenes during lectin-stimulated mitogenesis  of 
normal human  lymphocytes. Proc. Natl. Acad. Sci. USA. 83:3982-3986. 
36. Resch, K., and D. Gemsa. 1979. The role of macrophages in the activation 
of T-lymphocytes by concanavalin A. lmmunobiology.  156:509-522. 
37. Riehl, R. M., W. P. Sullivan, B. T. Vroman, V. J. Bauer, G. R. Pearson, 
and D.  O.  Toil.  1985.  Immunological evidence that the nonhormone 
binding component of avian steroid receptors exists in a wide range of 
tissues and species. Biochem. 24:6586-6591. 
38. Schuh, S., W. Yonemoto, J. Brugge, V. J. Bauer, R. M. Riehl, W. P. Sul- 
livan, and D. O. Toft.  1985. A 90,000-dalton binding protein common 
to both steroid receptors and the Rous sarcoma virus transforming pro- 
tein, pp60 v-sarc. J.  Biol. Chem. 260:14292-14296. 
39. Tormey, D. C., R. C. Imrie, and G. C. Mueller.  1972.  Identification  of 
transferrin as a lymphocyte growth promoter in human serum. Exp. Cell 
Res.  74:163-169. 
40. Ungewickell, E.  1985.  The 70-kD mammalian heat shock proteins are 
structurally and functionally related to the uncoating protein that releases 
clathrin triskelia from coated vesicles. EMBO (Eur. Mol. Biol. Organ.) 
J. 4:3385-3391. 
41. Van Wanwe, J. P., J.  R. De Mey, and J. G. Goossens. 1980.  OKT3: a 
monoclonal anti-human T  lymphocyte antibody with potent mitogenic 
properties. J.  Immunol. 124:2708-2713. 
42. Velazquez, J. M., and S. Lindquist. 1984.  hsp70: Nuclear concentration 
during environmental stress and cytoplasmic storage during recovery. 
Cell. 36:655-662. 
43. Velazquez, J. M., S. Sonoda, G. Bugaisky, and S. Lindquist. 1983. Is the 
major Drosophila heat shock protein present in cells that have not been 
heat shocked? J.  Cell Biol. 96:286-290. 
44. Waldmann,  T.  A.  1986.  The  structure,  function,  and  expression  of 
Interleukin-2 receptors on normal and malignant lymphocytes. Science 
(Wash. DC). 232:727-732. 
45. Walls, E. V., A. F. Borghetti, C. R. Benzie,  and J. E. Kay. 1984.  Early 
events during the activation  of human lymphocytes by the mitogenic 
monoclonal antibody OKT3. Cell. Immunol.  89:30-38. 
46. Watowich, S. S., and R. I. Morimoto.  1988. Complex regulation of heat 
shock and glucose responsive genes in human cells. Mol. Cell. Biol. In 
press. 
47. Weiss, A., J. Imboden, K. Hardy, B. Manger, C. Terhorst, and J. Stobo. 
1986. The role of the T3/antigen receptor complex in T-cell activation. 
Annu.  Rev. Immunol. 4:593-619. 
48. Welch, W. J., and J. R. Feramisco. 1982. Purification  of the major mam- 
malian heat shock proteins. J. Biol. Chem. 257:14949-14959. 
The Journal of Cell Biology, Volume 106,  1988  890 49.  Welch, W. J., and J. R. Feramisco.  1984. Nuclear and nucleolar localiza- 
tion of the 72,000-dalton heat shock protein in heat-shocked mammalian 
cells..L  Biol. Chem. 259:4501--4513. 
50. Welch, W. J., and J. P. Suhan.  1986. Cellular and biochemical events in 
mammalian ceils during and after recovery from physiological stress. J. 
Cell Biol. 103:2035-2052. 
51. Wu, B. J., and R. I. Morimoto.  1985. Transcription  of the human hsp70 
gene is induced by serum stimulation. Proc. Natl. Acad.  Sci. USA. 82: 
6070-6074. 
Haire et al. Mitogen-lnduced  Heat-Shock Proteins in Lymphocytes  891 